Desalination of seawater and brackish water is becoming an increasingly important means to address the scarcity of fresh water resources in the world. Decreasing the energy requirements and infrastructure costs of existing desalination technologies remains a challenge. By enabling the manipulation of matter and control of transport at nanometer length scales, the emergence of nanotechnology offers new opportunities to advance water desalination technologies. This review focuses on nanostructured materials that are directly involved in the separation of water from salt as opposed to mitigating issues such as fouling. We discuss separation mechanisms and novel transport phenomena in materials including zeolites, carbon nanotubes, and graphene with potential applications to reverse osmosis, capacitive deionization, and multi-stage flash, among others. Such nanostructured materials can potentially enable the development of next-generation desalination systems with increased efficiency and capacity.
Introduction
The increasing human population combined with exploitation of water resources for domestic purposes, industry, and irrigation has resulted in a shortage of fresh water supply in many parts of the world [1] . Only 0.5% of the 1.4 billion cubic kilometers of water in the world is accessible fresh water, which is furthermore poorly distributed across the globe [2] . There are 26 countries that do not have sufficient water resources to sustain agriculture and economic development, and approximately one billion people lack access to safe drinking water [3] . Particular regions with water scarcity include a significant portion of the Middle East, North Africa, eastern Australia, parts of Central and South Asia, and the southwestern areas of North America. In addition, the projected 40-50% growth in human population over the next 50 years, coupled with industrialization and urbanization, will result in an increasing demand on the available water resources [4] . While economic use and recycling of water for human and animal consumption can mitigate the problem to some extent [1] , alternative sources of clean water are required to address this growing need.
With nearly 98% of the world's available water supply being sea or brackish water, desalination has become an important alternative source of clean water [3] . In 2009, 14 451 desalination plants were in operation worldwide with an additional 244 plants under development [5] . These plants had a total desalination capacity of almost 60 million m 3 of clean water per day; 52% of this capacity was in the Middle East, 16% was in North America, 12% in Asia, 13% in Europe, 4% in Africa, 3% in Central America, and 0.3% in Australia. In fact, the worldwide seawater desalination capacity increased by 12.4% in 2009 and is projected to grow with increasing demand for clean water. Membrane-based reverse osmosis (RO) or thermal-based multi-stage flash (MSF) and multi-effect distillation (MED) constitute over 90% of the global desalination capacity. RO plants, with typical capacities of ∼20 000 m 3 d −1 , account for ∼41% of the total desalination capacity while MSF plants, with typical capacities of ∼76 000 m 3 d −1 , account for ∼44% [3, 4] . Other technologies, such as electrodialysis, account for only a small fraction (∼5.6%) of the desalination capacity and are more suited for niche applications such as brackish and groundwater treatment [4] . The system-level schematics of the different types of desalination plants and their relative installed capacities are shown in figure 1 .
The main barriers to expanding desalination technologies around the world are energy and infrastructure costs, which preclude the economical production and distribution of clean water. Energy costs range from 3.6-5.7 kWh for RO, 23.9-96 kWh for MSF, and 26.4-36.7 kWh for MED per cubic meter of clean water produced which includes pre-treatment, brine disposal, and water transport [4] . Meanwhile, these costs do not include the infrastructure and the extra maintenance costs of these large-scale processes. In 2009, desalination of 1 m 3 of seawater and brackish water cost approximately US $0.53-$1.50 and US $0.10-$1.00, respectively [6] . To meet the global demand for clean water, the total cost of desalination must decrease, which involves increasing the energy efficiency, minimizing costs associated with water pre-treatment, and decreasing the capital costs. Several technical aspects need to be addressed to realize this goal: (1) minimizing the fouling (includes biofouling due to growth of microorganisms and scaling due to precipitation of poorly soluble salts) that limits the lifetime and efficiency of desalination plants, requiring water pre-treatment, cleaning of MSF and MED plants, and cleaning or replacement of RO membranes [7] . (2) Maximizing the flux of water through RO membranes or optimizing the components of MSF and MED plants. (3) Minimizing the thermal losses in MSF and MED plants or decreasing the applied pressure in RO plants. (4) Optimizing system-level design and operation of desalination plants.
Advances in nanotechnology offer new avenues to address these challenges by increasing energy efficiency and decreasing costs associated with water desalination. While nanoscale phenomena have been identified and studied for several decades, significant progress in the ability to manipulate matter at the nanometer length scale [8] occurred in the first decade of the 21st century. These developments have opened the possibility of creating devices and systems using nanostructured materials including carbon nanotubes, nanowires, graphene, quantum dots, superlattices, and nanoshells, among other materials [9] [10] [11] . In addition to the focus on applications such as energy conversion, drug delivery, electronics, computing, structural materials, photonics, bioimaging, and biosensing [12] [13] [14] [15] [16] , researchers have recently started investigating nanostructured materials in the context of water desalination.
The purpose of this review is to provide a perspective on state-of-the-art nanostructured materials with the potential to advance water desalination technologies. The emphasis is on materials that directly participate in the desalination process (rather than having other contributing roles such as anti-fouling), which could lead to next-generation desalination systems with increased efficiency and capacity. For detailed information on different aspects of desalination technologies, we refer the reader to several excellent reviews on water desalination technologies [1, 3, 4] , reverse osmosis [17] [18] [19] [20] , thermal desalination processes [21, 22] , fouling [23, 24] , and nanomaterials for water treatment [25, 26] .
This review paper is structured as follows. Section 2 gives a brief overview of the basic mechanisms that are used in water desalination. Section 3 covers the progress in membrane technology for reverse osmosis (RO) systems. This section discusses how next-generation RO membranes could utilize nanostructured materials, such as zeolites, carbon nanotubes, and graphene, and use size and charge effects to hinder the transport of salt ions while enhancing the flux of water. Section 4 focuses on approaches to desalinate water using electric fields. Specifically, this section reviews advances in electrodialysis (ED) as well as capacitive deionization (CDI). Finally, section 5 presents the potential of nanostructured surfaces for enhanced condensation and evaporation, as well as nanostructured membranes for phase-change-based processes.
Separation mechanisms for water desalination
Before discussing the application of nanostructured materials to different desalination technologies, it is helpful to consider some primary mechanisms for the separation of salt ions from water (figure 2). These separation mechanisms may be broadly classified into:
(1) Mechanisms involving phase change. (2) Mechanisms involving short-range interactions with a selective material. (3) Mechanisms involving long-range electrostatic interactions.
Mechanisms involving phase change
The separation of salt and water can occur when the feedwater to be desalinated undergoes a phase change into vapor or ice. The liquid-vapor phase transition has been widely used as a mechanism for desalination. MED utilizes brine evaporation on the surfaces of hot vapor supply pipes, while MSF involves the sequential flashing of salt water into low-pressure chambers causing the evaporation of water. Distillation techniques, e.g., solar distillation using solar thermal energy, humidification-dehumidification, or membrane distillation (where a hydrophobic membrane separates the liquid and vapor phases), all rely on evaporation [4] . In addition to the liquid-vapor phase transition, freezing has been explored for desalination since the salt preferentially remains in the liquid phase as opposed to the ice phase. Freezing desalination has many advantages including theoretically lower energy consumption due to the lower heat of fusion compared to that of vaporization, and minimal scaling problems [27] . However, the complexity of the plant design required to handle the mixture of ice and water and the contamination of product water has hindered the wide commercialization of this process [27] [28] [29] .
Mechanisms involving short-range (< ∼ 1 nm) interactions with a selective material
Short-range interactions between water molecules or ions with another material involving a combination of steric, dispersion, dipole and electrostatic interactions can also be used for desalination. These interactions can enable desalination by the preferential transport of either water molecules or ions through a selective material, or by chelation or adsorption/absorption of ions to a chelating material. While methods that use chelation or adsorption are more suitable for the removal of trace metals (e.g., removal of boron [30, 31] ), transport through selective media is widely used for desalination in RO. The selective materials may be further classified into flexible polymeric materials that rely on selective sorption and transport, and rigid materials that use a molecular sieving effect based on steric exclusion. The process of sorption comprises adsorption (mobile molecules affix themselves to the material interface) followed by absorption (molecules enter the material). Polymeric RO membranes exhibit selective sorption as water preferentially enters the material; a second level of selectivity arises due to the higher diffusivity of water molecules compared to ions. While flexible polymeric membranes cannot completely rely on size exclusion, rigid membranes with sub-nanometer pores can potentially act as molecular sieves for separation of the smaller water molecules (∼3.3Å van der Waals diameter) from the larger hydrated salt ions (∼7-8Å).
Mechanisms involving long-range (> ∼ 1 nm) electrostatic interactions
The presence of electrical charges on ions and the absence of a net charge on water molecules enable the use of long-range electrostatic fields to selectively exert forces on ions. Electric fields are capable of depleting, accumulating, or transporting ions; the discipline concerned with these phenomena is known as electrokinetics [32] . Thus, charged surfaces attract ions of the opposite charge while repelling ions of like charge, forming an electric double layer (EDL). The thickness of the EDL depends on the salt concentration, which typically ranges from ∼1 μm for deionized water to less than 1 nm for seawater. Therefore, ions can be preferentially adsorbed on charged surfaces or selectively transported through membrane pores as a result of these longer-range electrostatic interactions that are used in CDI and ED for desalination.
Reverse osmosis (RO)
RO is a growing seawater desalination technology due to the lower energy costs when compared to MSF systems. Recent developments in membrane technology, including biofouling reduction, scaling inhibitors, and materials synthesis, along with energy recovery devices, have decreased the energy consumption of RO plants to 3.6-5.7 kWh m −3 , as compared to 23.9-96 kWh m −3 for MSF plants [17] . Currently, RO plants account for ∼41% of the world's desalination capacity and ∼80% of the number of operating plants [3, 6] . RO plants are now the most commonly installed desalination systems in the world accounting for ∼75% of newly built capacity, except for areas with vast energy reserves or high salinity feedwater.
In RO, desalination is achieved by applying high pressure to feedwater, forcing it through a semi-permeable membrane that permits the flow of water molecules, while restricting the flow of salt ions.
For desalination to occur, the applied pressure must exceed the osmotic pressure of the feedwater [6, 17, 33, 34] . To achieve reasonable water fluxes of 12-17 l(m −2 h −1 ) for seawater (>35 000 ppm total dissolved solids or TDS) and 12-45 l(m −2 h −1 ) for brackish water (1000-5000 ppm TDS), the pressures are 55-65 bar and 10-30 bar, respectively [6] .
State-of-the-art RO systems utilize asymmetric polymeric membranes comprising a semi-permeable active layer supported by a porous layer. Under applied pressure, water transports through these membranes via sorption of the water molecules into the active layer followed by coupled diffusion and convection [6, [33] [34] [35] [36] . Therefore, to achieve high water flux, a high permeability of the membrane is desired while maintaining high salt rejection. Membrane permeability depends on the membrane material, but the flux of water is also impacted adversely by biofouling and scaling. Furthermore, concentration polarization, i.e., accumulation of salt near the membrane, which also decreases the water flux, should be minimized by appropriate system design [37] . An ideal RO membrane thus maximizes flux, has high salt rejection, and resists scaling, biofouling, and degradation by chemicals (e.g., chlorine) that reduce biofouling [6] .
RO membranes were initially developed using cellulose acetate and commercialized in the 1960s, but offered relatively low fluxes and were subject to biological degradation [38] . Current state-of-the-art RO membranes are asymmetric polyamide and thin-film composite membranes fabricated using interfacial polymerization. These membranes consist of a hierarchical structure where a thin (100-1000 nm) polyamide selective layer is fabricated on a porous polysulfone layer that offers mechanical support and minimizes pressure drop [17] . The permeabilities and salt rejection of some commercial desalination membranes under laboratory test conditions are shown in figure 3 .
While RO systems have already been commercialized, improving water flux, salt rejection, and resistance to fouling and degradation of the membranes are required to advance this technology to meet future needs. Higher permeability membranes may enable operation closer to the ideal osmotic pressure, thereby decreasing the energy cost for a given membrane area and capacity; alternatively, such membranes may reduce capital cost or plant size by requiring less membrane area for a given desalination capacity. However, the coupling between flux, salt rejection, and other properties such as mechanical stability and fouling resistance requires careful optimization of the membrane material, which is particularly challenging as improving one factor tends to adversely affect the others [17] . Researchers have extensively explored various combinations of polymeric materials, as well as different synthesis procedures and modification techniques to optimize membrane performance [18, 19] . Some of the issues have been addressed by providing macroscopic solutions, e.g., feedwater pre-treatment to minimize membrane fouling. These aspects are covered extensively in recent reviews on RO [17, 18] . While significant advances have been made in polymeric RO membrane technology, new approaches beyond the optimization of polymeric materials could be exploited to develop next-generation membranes.
Advances in nanotechnology have enabled unprecedented control over the fabrication of nanostructured materials, and in particular, the ability to create well-defined, size-selective, nanostructured filtration membranes. In contrast to polymeric membranes with flexible chains that do not form well-defined pores, a rigid, size-selective membrane with pore sizes in the sub-nanometer regime is expected to allow water molecules to pass through, while impeding the passage of ions that have a larger effective diameter due to their hydration shells [47, 48] . For example, the diameter of a hydrated sodium ion is ∼7.6Å; theoretically, if the pore diameter is smaller than that of a solvated ion but larger than a water molecule, the pore could act as a molecular sieve. Since a significant energy barrier must be overcome to strip the ion of its solvation shell (∼1709 kJ mol
for Na + ) [49, 50] , applying a pressure greater than the osmotic pressure on the feedwater will force the water molecules through such pores while impeding the passage of ions. In addition to selectivity through steric exclusion, electrostatic and van der Waals interactions may also play an important role or may be harnessed to achieve the desired selectivity. Nanostructured materials that are promising for desalination include zeolites [51, 52] , carbon nanotubes [45, 46] , and graphene [53] [54] [55] , which can be synthesized to have non-tortuous pores on the order of 1 nm or less and can be fabricated into macroscopic arrays. Figure 3 summarizes the current performance of nanostructured materials that are in research or are commercially available, compared to polymeric RO membranes. In the following sections, we discuss in detail the progress in the fabrication and understanding of the transport characteristics of these materials to achieve improved RO membranes for the development of efficient desalination.
Zeolites
Zeolites are aluminosilicate minerals with a microstructure composed of 3-8Å pores (figure 4). Zeolite crystals occur naturally or can be synthesized in a laboratory environment using a high temperature furnace and an autoclave [56] . Crystal sizes can be controlled from a few nanometers to centimeters by varying synthesis temperature and time [56] . Properties such as adsorption characteristics, geometry, ion exchange capabilities, and catalytic behavior differ amongst the zeolite crystal families and can be tailored to a specific application by using the correct composition [56] . Porosity varies among zeolites, typically ranging between 30-40%. The combination of high porosity and high active surface area has led to significant zeolite research for catalytic applications. In commercial applications, the most common use for zeolites is as adsorbents during various chemical processes [57] .
Since most zeolites have a tight pore distribution less than the diameter of a hydrated salt ion, a membrane created from these crystals has the potential to completely reject salt ions while permitting water molecules to permeate through. Molecular dynamics (MD) simulations have provided mechanistic insights into these processes. Murad and Lin investigated water-ion separation using a single ZK-4 zeolite with 4.4Å pore diameters in a NaCl/water solution [59, 60] . The solvated ions were too large to pass through the pores and only water molecules could flow through the zeolite.
These MD simulations have since motivated researchers to fabricate zeolite-based membranes for RO and experimentally investigate the possibility of achieving high flux with excellent ion rejection. Li et al [51] used hydrothermal synthesis to develop 0.5-3 μm thick membranes consisting of hydrophobic MFI (mordenite framework inverted) type zeolites with an average pore diameter of 5.6Å on a porous α-alumina support ( figure 5(a) ). Under an applied pressure of 2.07 MPa (20.7 bar) and with 0.1 M NaCl feedwater, the membranes rejected 76% of Na + ions while permitting a water flux of 0.112 kg (m
). This lower rejection was attributed to ions transporting across nanometer-sized interstitial defects created during the membrane synthesis process. In later work, Li et al decreased the silicon/aluminum ratio of the zeolite, which decreased the hydrophobicity and increased the flux to 10.21 (m −2 h −1 ) with an applied pressure of 3.5 MPa (35 bar) and 0.1 M NaCl feedwater [44] . Ion rejection also improved dramatically from ∼76% to 98.6% (figure 5). However, as the salt concentration of the solution increased, the salt rejection decreased considerably to ∼90% for a 0.3 M NaCl solution [52] . These results suggest that the salt rejection depended on the formation and size of EDLs at the surface of the intercrystalline defects: in low salt concentrations, the EDLs can overlap and prohibit the transport of salt ions, while, in high salt concentrations, EDLs become thinner and no longer overlap, allowing ions to pass through the intercrystalline defects (figure 5). These experimental results showed that nanometer-sized intercrystalline defects controlled the majority of ion transport and presented a challenge for the fabrication of zeolite membranes.
In addition to synthesizing zeolites directly onto a ceramic support, zeolites have also been incorporated into polymeric RO membranes. Jeong et al synthesized thin polymercomposite (TFN) membranes interfacially embedded with ∼100 nm cubic LTA (Linde Type A) zeolite crystals with 4.4Å diameter pores [43] , shown in figure 6. These hydrophilic zeolites were chosen to create preferential flow paths for water to permeate through while also simultaneously rejecting the transport of ions.
The membranes were characterized for permeability and salt rejection with increasing zeolite content using a 2000 ppm NaCl/MgSO 4 (∼0.03 M) solution and an applied pressure on the feed side of 1.24 MPa (12.4 bar). Increased water fluxes were demonstrated with increasing zeolite weight percentage. Additionally, membranes with embedded zeolite always showed higher permeability when compared to experimental thin-film composite (TFC) membranes without zeolites while maintaining high salt rejection (figure 6). However, even with the optimal zeolite loading of ∼40%, the water flux was found to be lower than some commercial state-of-the-art RO membranes. Although further work is needed to optimize the zeolite-loaded membrane structure and synthesis techniques, the permeability and salt rejection results indicate the potential of zeolite-based membranes for RO.
However, a challenge with the zeolite membranes described above is that water molecules and ions can permeate around the zeolite crystals. In this configuration, it is difficult to determine the role that zeolites have in water transport and salt rejection. Additionally, if salt can transport around the zeolite crystal, perfect salt rejection cannot be achieved. Further research is needed to determine the specific transport mechanisms within the sub-nanometer zeolite pores and in fabricating membranes that limit the transport to the intrinsic zeolite pores. These types of studies will help clarify the benefit of zeolites for RO desalination.
Carbon nanotubes (CNTs)
CNTs are an allotrope of carbon consisting of rolled-up sheets of graphitic layers [62] . CNTs are attractive for applications ranging from structural materials to electronics and energy storage due to their excellent thermal and electrical conductance, mechanical strength, and unique electronic properties [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] . Advances in synthesis procedures have recently enabled tight control of the diameter of CNTs down to 1.6 nm and lengths up to a few centimeters [73] [74] [75] [76] [77] . Such controlled synthesis techniques have led to the recent discovery of high water fluxes through CNT membranes [46, 78] , opening the possibility of using such CNT membranes for RO [45] .
Both MD modeling [79, 81] and experiments [46, 78] have demonstrated that water fluxes through CNTs can be several magnitudes greater than those predicted by continuum hydrodynamics. MD simulations performed by several groups have provided mechanistic insights into the ultrafast water transport. Kolesnikov et al first showed that confinement of water molecules in a CNT leads to an 'ice shell plus water chain structure,' which suggests that the interactions between the water molecules are stronger than the interactions of the water molecules with the CNT wall [82] . Joseph and Aluru subsequently examined the transport of water molecules through CNTs with varying degrees of hydrophobicity and surface roughness [79] . The results (figure 7) showed that both hydrophobicity and the atomistic smoothness of CNT walls are necessary for fast water transport, resulting in nearly frictionless flow. More recently, Falk et al discovered that the friction coefficient between the water molecules and the CNT wall is highly dependent upon the curvature of the graphitic surface of the CNTs [80] . Using MD simulations, they demonstrated that the curvature modulates the interaction energy landscape of water molecules with the CNT such that the friction decreases with decreasing CNT diameters, and vanishes below a CNT diameter of 0.5 nm. Interestingly, the simulations indicated that the friction was higher for water molecules interacting with the outer surface of the CNTs.
Fast mass transport in CNTs was experimentally verified by Majumder et al [78] and Holt et al [46] , who fabricated CNT membranes by filling the interstitial space of an array of vertically aligned CNTs with polystyrene and silicon nitride, respectively (using procedures described in [83, 84] While the studies reported high flux through the CNT membranes, the CNT diameters were too large to act as molecular sieves for excluding salt ions. Therefore, membranes comprising CNTs with chemically modified tips with charged groups were developed to achieve a high salt rejection capability through electrostatic repulsion (figure 8). Fornasiero et al functionalized the pore entrance of these CNT arrays with carboxyl groups, which successfully achieved 40-60% salt rejection for dilute (<0.01 M) salt concentrations of KCl, and nearly 100% salt rejection for dilute solutions of K 3 Fe(CN) 6 [45] . The higher rejection ratio for K 3 Fe(CN) 6 may be attributed to the greater electrostatic repulsion between the trivalent anion and the carboxyl groups at the CNT entrance.
The salt rejection was poor for higher salt concentrations that correspond to a smaller electrostatic Debye screening length; above 10 mM concentration of KCl, the salt rejection was almost zero.
Graphene
Graphene is another carbon-based material that has recently received attention as a potentially selective material for membranes. Graphene is a single layer of graphite with atomistic thickness, consisting of a lattice of hexagonally arranged sp 2 -bonded atoms [85, 86] , which has attracted attention for electronic applications due to its unique properties [85] . In addition to its electronic properties, graphene exhibits a high breaking strength [87] and impermeability to molecules as small as helium in its pristine state [88] . These properties suggest the potential of graphene to create ultrathin high flux membranes with size-tunable pores that can act as molecular sieves. Furthermore, single or fewlayer graphene sheets on large areas have been synthesized and 30 inch sheets have been transferred on a roll-to-roll basis [89] , indicating the feasibility of large-scale membrane fabrication. Several groups have studied the effects of induced defects on the electrical properties of graphene [93] . Recent simulations and experimental studies suggest that subnanometer pores can be controllably generated by methods such as oxidation [94] , electron beam irradiation [95, 96] , ion bombardment [97] [98] [99] [100] [101] , or by doping [102] . Earlier studies that focused on graphene as an electronic material led to more recent studies that explored the transport of gases or ions through pores in graphene membranes [53, 55, 92] . Sint et al [55] studied the transport of ions through ∼0.5 nm pores in graphene terminated with nitrogen or hydrogen using MD simulations. They observed that the N-terminated pore allowed the passage of Li + , Na + , and K + ions, while the H-terminated pore admitted Cl − and Br − , but not F − . Interestingly, contrary to allowing smaller ions to pass more easily, they observed that the smaller ions had the lowest passage rates due to their strongly bound hydration shells. Furthermore, the study showed that the polar/charged terminal groups of the pore assisted in the removal of water molecules from the hydration layer, similar to the case of protein ion channels. More recently, Suk and Aluru explored the rate at which water molecules transport across 0.75-2.75 nm diameter pores in graphene membranes, and compared it with 2-10 nm long carbon nanotubes (CNTs) with similar diameters [92] . The flux through graphene pores was found to be within a factor of two of that through CNTs, with a significant resistance to transport arising from the entrance regions of the pore ( figure 9 ). These studies indicate the potential of graphene membranes for water desalination with fluxes up to an order of magnitude higher than polymeric RO membranes. However, while graphene pores have been used for DNA detection and ionic currents across these membranes have been reported [103] [104] [105] , experimental measurements of water transport and salt rejection remain to be realized.
Summary
Nanostructured materials including zeolites, CNTs, and graphene offer the possibility of high flux molecular sieving membranes for water desalination. The ability to control the pore size in the sub-nanometer regime is critical for the proper functioning of such membranes. At these length scales, unique transport properties arising due to steric and electrostatic interactions and ultrafast transport can be utilized. The integration of these materials into large area membranes and measurement of their transport characteristics remain challenging. Aside from these materials, other nanostructures have potential uses for desalination. For example, Zhou et al synthesized a porous polymer membrane using lyotropic liquid crystals with an interconnected pore structure and a nominal pore size of ∼0.75 nm [106] . Biological protein channels such as aquaporins also exhibit high flux and selective ionic or water transport [107] [108] [109] [110] [111] . While significant research is needed, the novel transport phenomena in nanostructured materials provide ample opportunities to improve RO membranes.
Charge-based desalination techniques
The presence of charged species in water promises the use of various electric-field-driven separation technologies for desalination.
While the most prominent of these technologies today is electrodialysis (ED), other techniques such as capacitive deionization (CDI) that exploit the same governing physics-electromigration of ions under an applied electric field-have received recent interest to achieve salt separation. These charge-based separation systems have advantages over other existing desalination techniques in the case of low salinity water, requiring lower pressures and energies compared to RO and MSF, respectively [112] . These systems are suitable for the small-scale production of drinking water and ultra-pure water [112] [113] [114] .
Electrodialysis (ED)
ED was first developed for water desalination approximately half a century ago and was commercially introduced in 1953, which is about 10 years before RO. In ED, feedwater streams are separated by a series of negatively charged cation and positively charged anion selective membranes in an alternating pattern (figure 10).
When an electric field is applied across the membranes, cations and anions migrate in opposite directions through their respective membranes into the concentrate channels ( figure 10 ). This process reduces the concentration of salt in the feed streams while increasing its concentration in the waste streams. The required electrical power depends on the salt concentration in the feedwater, and therefore ED is less efficient than RO at salt concentrations over ∼5000 ppm TDS [4] . The development of electrodialysis reversal (EDR) (electric field is periodically reversed) and spacers (for mixing enhancement) has mitigated membrane scale formation and concentration polarization and resulted in increased water recovery. Previous research has also focused on achieving high permselectivity of the ion selective membranes, low electrical resistance, low fabrication cost, and mechanical and chemical stability of membranes [115] to improve membrane performance. However, due to dramatic improvements in RO membranes, ED has become more of a niche technology, now accounting only for 5.6% of the world's desalination capacity [3] .
Capacitive deionization (CDI)
With the availability of high surface area electrodes for energy storage, water desalination using CDI has emerged as an active research topic [114] . In CDI, salt water passes across high surface area electrodes. During this process, voltage applied to the electrodes causes ions to electromigrate and adsorb on the electrode surfaces to shield the surface charge, thereby reducing the concentration of salt in the solution. The desalinated water is removed from the system and new feedwater is introduced. The electrodes are then discharged such that the ions desorb from the electrodes resulting in brine, which is removed and replaced with fresh feedwater, thus continuing the cycle ( figure 11 ). Several stages may be employed to achieve adequate depletion of salt [112, 114] . When the ions electrostatically adsorb on the electrodes, part of the energy expended during application of the electric potential is stored due to capacitance of the EDL. By releasing the ions from the EDL into a purge (waste) stream, part of this energy can be reclaimed while the electrode surfaces are cleaned for future adsorption cycles. The process has the potential to be highly efficient, especially for low salt concentration feedwater such as brackish water, because this technique essentially charges and discharges a series of electrochemical capacitors. For high salinity feedwater, the capacitance of the electrodes becomes a limiting factor and the use of CDI for desalination becomes uneconomical [112] .
The main challenges for the development of economical CDI systems are high energy consumption related to parasitic reactions at the electrodes, inadequate electrical connectivity to the high surface area electrodes, and limitations on electrode materials and geometries that lead to trade-offs between maximizing the surface area and minimizing the distance for ionic electromigration. Although macroscopically CDI appears to be simple, the ion transport locally within the electrodes is not well-understood. The modeling efforts for CDI are challenging because classical electrokinetic theory cannot be used due to the large applied surface potentials of approximately 1 V (compared to the thermal voltage of 25.7 mV at 25
• C), long charging times, complicated electrode geometries, and small, confined pores. Recently, studies have revisited and modified standard Poisson-Boltzmann theory for the EDL [32] to account for steric effects of the ions at large voltages to better understand the charge build-up in the EDL [3, [120] [121] [122] [123] . Additionally, models have started to address the dynamics of electrode charging, by coupling electrokinetic theory with ion diffusion [124, 125] . These advancements offer insights into identifying optimal electrode geometries and operating conditions in future CDI systems.
Despite these recent modeling developments, the synthesis of electrode materials that provide a high surface area, good electrical conductivity, and control of Faradaic reactions remains a challenge. Significant research efforts in CDI have focused on novel electrode synthesis and the characterization of electrode materials with an emphasis on hierarchical microstructured and nanostructured electrodes to achieve the high surface areas required for the electrosorption of a significant number of ions. Figure 12 shows SEM micrographs of carbon-based nanostructures currently under investigation for CDI including (a) carbon nanotubes/nanofibers (CNT/CNF), (b) carbon cloth films, (c) carbon aerogel matrices, and (d) mesoporous carbon matrices.
Carbon aerogels.
Although CDI was first investigated in the 1960s and 1970s [126] , CDI research reemerged in the 1990s with Farmer et al investigating carbon aerogel electrodes with surface areas ranging from 400-1100 m 2 g −1 [127] [128] [129] . Carbon aerogels are highly cross-linked, solid networks of covalently bonded carbon particles derived from a sol-gel synthesis process. The aerogels can have porosities greater than 50% while maintaining pore sizes on the order of 100 nm or less [129] . Carbon aerogels have been used to successfully remove 95% of a 100 μS cm −1 NaCl solution (approximately 1 mM) before saturating the electrodes [130] . One limitation of carbon aerogels is that although they have a large surface area, much of this large surface area is due to micropores (less than 2 nm) that are inaccessible to ions [116] . While researchers continue to investigate carbon aerogels [131] [132] [133] [134] [135] [136] , the focus has shifted to other carbon-based materials with larger pore sizes (∼2-50 nm) that are accessible to solvated ions. Many of these studies investigate modifications of such carbonbased materials to obtain better pore size distributions to enhance ion capture in CDI. These materials include activated carbon, activated carbon cloth, CNTs, and more recently ordered mesoporous carbons, which promise high electrical conductivity and high surface area.
Activated carbon.
Activated carbon, a highly porous form of carbon derived by the activation of pyrolysis products of carbonaceous materials such as coconut shell and wood, has a high specific surface area of ∼500-2300 m 2 g −1 [137] . Activated carbon has therefore found use in supercapacitors as well as CDI [138] [139] [140] [141] . With activated carbon-based electrodes, one major challenge for water desalination is the hydrophobicity of the electrode material since a hydrophobic polytetrafluoroethylene (PTFE) binder is required to maintain the material consistency. Supercapacitors typically use nonaqueous electrolytes so that the capacitors can charge to voltages larger than the 1.23 V required for the electrolysis of water, and electrode wetting is consequently not a major concern. However, electrode wetting is especially critical for CDI. Thus, some efforts have focused on enhancing the wettability of activated carbon. Lee et al added ion exchange resin to standard activated carbon and PTFE slurries to increase the electrode hydrophilicity, decreasing the contact angle of the electrode from 115
• to 75
• and 85
• with 24% and 36% ion exchange resin, respectively. Water was easily wicked into these electrodes, yielding a 35% improvement in the desalinated water production over the standard activated carbon electrodes [141] .
Activated carbon cloth.
Activated carbon cloths (ACCs) have also received significant attention due to their large surface areas. Unlike activated carbon electrodes, they do not contain any PTFE binder. Activated carbon cloths are typically chemically activated cloth comprising fibers derived from a phenolic resin and have, on average, surface areas of ∼1500-2500 m 2 g −1 [142, 143] . Much of the research has focused on material modifications to enhance electrosorption capacity [117, [144] [145] [146] [147] [148] , which depends on the surface area and pore structure, electrical connectivity, and surface chemistry. For instance, the electrosorption capability was increased three-fold compared to unmodified ACCs through the incorporation of titania that decreased the physical adsorption of salt on the electrode [144] .
Surface modifications such as acid etches have also proved to greatly enhance ion capture in ACCs. Oh et al demonstrated that the efficiency of activated carbon cloths could be improved through surface modification with KOH and HNO 3 solutions which increases the presence of carboxyl, carbonyl, and hydroxyl functional groups on the carbon surface, aiding in the adsorption [117] . For a 2000 μS cm −1 NaCl solution (approximately 20 mM) and with voltages ranging from 1.0 to 1.5 V, the fraction of salt removed increased from 41% to 53% for the standard ACC, 44% to 58% for the KOH treated ACC, and 51% to 67% for the HNO 3 treatment. They further concluded that the surface carbonyl groups added by the HNO 3 modification increased the efficiency through enhanced double layer electrosorption and also by Faradaic reactions.
Carbon nanotubes and nanofibers (CNT/CNF).
Various studies on effective ion capture have also been carried out using CNT/CNF composite electrodes fabricated by CVD [116, [149] [150] [151] . The CNT/CNF electrodes have a morphological advantage over standard activated carbon and ACCs with a larger number of mesopores and macropores, thereby increasing electrosorption performance [149] . Unlike micropores (typically smaller than 2 nm) where overlapping EDLs effectively reduce the accessible pore diameter and hinder transport of ions into the pores, the larger mesopores and macropores are not significantly affected by overlapping EDLs. Although the specific surface area of the CNT/CNF electrodes was reported to be smaller than the activated carbon (210 m 2 g −1 compared to 1500 m 2 g −1 ), the electrosorptive capacity was 56.8 μmol g −1 as compared to 83 μmol g −1 for ACC [116] .
Ordered mesoporous carbons.
The microstructure of the electrode material, as suggested by the CNT/CNF studies, may prove to have a significant effect on electrosorption. Ordered mesoporous carbon materials can achieve regular, ordered pores ranging between 3-25 nm. These materials are synthesized by impregnating either a mesoporous silica or similar type structure with carbon. After the base material is removed, a highly ordered mesoporous carbon material remains [152, 153] . While mesoporous materials may be expected to have a high electrosorptive capacity, Li et al demonstrated with ordered mesoporous carbons (surface area 1000-1500 m 2 g −1 ) that even for a smaller capacitance, the material exhibited increased ion capture [153] . Although the mechanism is unclear, this phenomenon was attributed to a more ordered structure aiding the transport of ions. This anomaly has critical implications for future material design and testing. Not only may materials with a more ordered pore structure facilitate the transport of ions into the pores, but it also signifies that standard electrochemical testing techniques to obtain capacitance measurements may not adequately describe material performance in a CDI system.
Summary
Understanding ion transport within nanometers of the electrode-electrolyte interface can greatly enhance the ability to design materials and structures to increase ion capture for CDI. Opportunities exist in tailoring material geometry and performing systematic studies to isolate transport limitations. Investigating the effect of pore size on the electrosorption and transport of ions will offer insights into electrode capacity and charging times. On the macroscopic level, optimizing the pore geometry and electrode structure could enhance the efficiency of CDI.
In addition to opportunities in CDI, the ability to fabricate structures at the micro-and nano-length scales has also resulted in other new electric-field-based separation methods for water desalination.
Kim et al recently developed a method for membraneless desalination using ionic concentration polarization originally used for preconcentration of biological samples [154] .
The desalination device consists of two microchannels connected by nanochannels ( figure 13 ).
Application of a voltage bias across the nanochannels resulted in depletion of ions and molecules at the microchannel/nanochannel interface. By dividing the flow in the microchannel into two, a stream of desalinated water and a stream of brine were obtained. This architecture does not expose the nanochannels (selective material) to the feedwater, which may have implications on the fouling resistance of the device. This device desalinated pretreated seawater from a concentration of ∼500 mM to a concentration of ∼3 mM. This method was reported to have an energy requirement of only 3.75 kWh m −3 , which is comparable to the energy requirement of existing RO systems. While this non-linear phenomenon under the application of a large voltage bias promises efficient desalination, the mechanism of transport is complex and further development is required for commercial applications.
Phase-change-based processes
Phase-change-based water desalination technologies, in particular MSF and MED, currently account for over 40% of the world's desalination capacity [155] . The benefits of these thermal desalination processes include robust operation, high purity permeate, energy usage nearly independent of feedwater salt concentrations, and large capacity. However, these desalination plants require more energy than RO plants due to the high heat of vaporization for water. Therefore, new thermal desalination plants are typically installed where the cost of energy is low, waste energy is readily available, or feedwater salinity is high [3] . MSF utilizes several stages of evaporation by flashing water into sequential chambers under decreasing pressures; the resulting vapor is condensed by cooler feed water pumped through condenser tubes and collected as desalinated water (figure 1). MED plants comprise several (4-12) evaporators; vapor from one evaporator is directed to the following evaporator and serves as the heat input to evaporate the brine (figure 1) [156] . The advantages of MSF include simple design and available expertise in the operation and construction of these systems; scale formation, biofouling, and corrosion problems have been largely addressed for MSF systems [157] [158] [159] [160] . It is very likely that MSF will remain widely used for many years to come because of these advantages. The pumping energy requirement in MED is lower than that in MSF since water passes through an evaporator only once in MED [5] . However, MED is more prone to scale formation, which limits the operating temperature and performance of these plants. This limitation can be partly overcome by scale control treatment methods such as acid treatment and additives [161] . Recent advances in MED include new heat exchanger designs with higher overall heat transfer coefficients and reduced heat transfer surface areas as compared to MSF. These improvements have enabled MED to become competitive with MSF for desalination. Thus, in addition to approaches to mitigate scaling, new heat exchanger designs that minimize capital cost for a given capacity, decrease pumping power, and improve overall heat transfer coefficients can improve the performance of MED and MSF systems.
Apart from MSF and MED, other techniques such as vapor compression [162] , humidification-dehumidification (HDH) [163] , membrane distillation [164] , and solar distillation [165] are also promising for smaller scale applications [166] [167] [168] . Vapor compression utilizes mechanically or thermally compressed vapor to supply energy for seawater evaporation; the condensed vapor through heat exchange with seawater is collected as desalinated water. HDH reproduces the rain cycle, first humidifying air with heated seawater. The humid air is then introduced to a dehumidifier where desalinated water is obtained by condensation through heat exchange with supplied cold feedwater. Membrane distillation is also a thermally driven desalination process, where elevated • C) temperature feedwater and low temperature desalinated water are introduced on either sides of a hydrophobic porous membrane. Feedwater evaporates and condenses into the cooler water on the other side of the membrane. While low-grade energy sources including solar energy can be utilized in membrane distillation, low efficiency, low flux, and membrane wetting currently limit the use of this process [169] .
In phase-change-based desalination processes, advances in materials and designs for improved heat transfer and control over evaporation and condensation can potentially enhance the performance of these systems. Recent developments indicate that nanostructured materials can enhance heat transfer by control of vaporization and condensation processes.
Nanostructured materials for phase-change-based processes
Recent developments in nanostructure engineering have offered new opportunities to enhance heat transfer through phase-change processes [170] [171] [172] [173] . For example, multi-scale nanostructured materials with controlled surface chemistry can potentially enhance condensation heat transfer via dropwise condensation compared to conventional film condensation using superhydrophobic surfaces.
Varanasi et al [171] isolated water nucleation to the top of microstructures using surface modifications to promote condensate drop removal (figures 14(a) and (b)). Chen et al [170] developed twotiered structures with nanotubes on micromachined posts to mimic the multi-scale structure of the lotus leaf, which allows the surfaces to be self-cleaning and superhydrophobic (figures 14(c) and (d)) [174] . While these studies are still in the preliminary research stages, where heat transfer measurements need to be obtained, they promise new opportunities to enhance phase-change-based desalination systems if processes for the large-scale manufacture of such surfaces are developed.
In addition to enhanced condensation heat transfer, nanostructured materials can be useful for controlling the wetting and transport of vapor. Ma et al [175] created glass membranes with nanospiked superhydrophobic microchannels for membrane distillation (figures 14(e)-(g)). This membrane provided large, non-tortuous pores enabling higher mass flux compared to polymeric membranes. The nanospiked structure also moderated fouling issues by reducing the contact area of the water and membrane. More recently, Lee and Karnik proposed a membrane comprising short, hydrophobic nanopores that enable evaporation and condensation driven by a pressure difference similar to RO [176] . Theoretical modeling indicated the possibility of improved flux compared to polymeric RO membranes for moderately elevated temperatures.
Summary
In contrast to RO and ED which directly employ micro-to nanoscale transport phenomena for desalination, MSF and MED operate mostly in the macroscopic regime. These technologies would benefit from improved evaporation and condensation heat transfer. New nanostructured surfaces offer the potential for enhanced heat transfer rates for condensation as well as evaporation, which may result in the improved efficiency of these desalination plants. Improved understanding of heat transfer on nanostructured surfaces as well as scalable manufacturing techniques are required before such surfaces can be implemented. Meanwhile, phase-changebased techniques such as membrane distillation that rely on transport at small length scales could be advanced more readily by implementing new nanostructured materials.
Conclusions
There is a growing need for improving desalination technologies as the demand for clean water grows, energy costs rise, and natural resources diminish. As current desalination technologies reach maturation, nanostructured materials will play an increasingly important role in realizing nextgeneration desalination technologies. Unprecedented control of surface structure and chemistry resulting from progress in nanofabrication techniques provides new opportunities to understand nanoscale transport phenomena and to harness nanostructured materials to realize macroscopic effects. In this review, we have focused on these aspects and their potential to impact desalination technologies in the future.
RO membrane performance has improved significantly over the past decade due to system-level improvements such as energy recovery and feedwater pre-treatment, as well as advances in membrane materials. However, current polymeric RO membranes have low flux rates, and also suffer from fouling and poor chemical resistance. New nanostructured materials, such as CNTs, zeolites, and graphene, may serve as ideal membranes consisting of rigid, size-selective pores that operate as molecular sieves, permitting high permeabilities compared to existing membranes. Much work is still required before these membranes become commercially viable, including a fundamental understanding of transport processes, cost reduction, pore size optimization, and systemlevel integration, but the promise of reduced capital and operating costs should encourage the development of these new materials.
While ED has matured as a niche desalination technology, CDI is an emerging desalination technology for brackish water utilizing the electromigration and electrosorption of salt ions. Since the efficiency of CDI weighs heavily on the design of the electrodes and electrode structure, most research has focused on developing electrodes with a high surface area, good conductivity, and controlled Faradaic reactions. Nanostructured materials, such as carbon aerogels, activated carbon, ACC, CNT/CNF, and ordered mesoporous carbons, are being investigated as CDI electrode materials. However, the design of the electrodes requires an understanding of ionic transport phenomena and electrochemistry spanning multiple length scales. This area needs further research, which is a prerequisite for optimizing electrode configurations. Advances in microfluidics and the ability to study ionic transport under controlled conditions may lead to an increased understanding of CDI and novel charge-based desalination techniques.
Phase-change desalination processes were the first to be established commercially of all of the desalination techniques and now account for over 40% of the world's desalination capacity. However, the major drawback of phase-change processes is the high heat of vaporization required to initiate phase separation of the salt and water molecules. Improving the performance of heat exchangers using nanostructured materials holds promise for potentially decreasing the capital cost and improving the efficiency of these processes. Similarly, control of wetting, evaporation, condensation, and vapor-phase transport promises improvements in membrane distillation and new phase-change-based desalination techniques.
While there is still a need for fundamental research, the impact of nanostructured materials is already evident by a number of start-up companies that utilize such materials for desalination [177] . The rapid advances in understanding nanoscale transport phenomena and the development of nanostructured materials combined with significant interest in commercialization, will certainly help ensure that the demand for clean water is met in an efficient, affordable, and sustainable manner for future generations.
